Small amounts (1-5 vol%) of ammonium hydroxide (NH 4 OH) were added to the ethanol-water-based hydroxyapatite (HA) sol-gel solution. After aging the sol, a Ti substrate was dipcoated and heat-treated at 5001C for 1 h in air. The sol properties were monitored in terms of pH, viscosity, and structure changes with aging time; also, the coating phase and structure on Ti were investigated. During aging, the viscosity of the sol increased while the pH decreased, confirming the polymerization and gelation of the sol. The addition of NH 4 OH altered the sol properties significantly. Increase in the NH 4 OH concentration increased the pH and viscosity of the sol considerably, especially at short aging period, followed by a saturation with further aging. The Fourier transformed-infrared analysis also confirmed a gradual structure change of the sol with NH 4 OH addition. Such changes in pH, viscosity, and structure bands of the sol driven by the NH 4 OH addition were attributed to the improved polymerization and gelation of the sol. The improved gelation shortened the aging time needed for crystallization of the apatite coating, i.e., increase in the NH 4 OH addition improved the crystallization of the coatings. Within 24 h aging time, the coatings on Ti containing over 3.5 vol% NH 4 OH showed characteristic HA phase and structure bands, at which period no apatite peaks were observed on the HA coating obtained without NH 4 OH addition.
] coating on Ti substrate has attracted a great deal of attention for the last decade aiming at combining the excellent biocompatibility of HA and load-bearing ability of Ti. 1 Currently, most HA coatings are produced by a plasma-spraying technique. 2, 3 In vivo reports on the system have shown a good bone-bonding ability and fast osseointegration when compared with pure Ti implant, and this was mainly attributed to the osteoconductivity and chemical and biological similarities of HA with the human hard tissues. [4] [5] [6] However, there are some issues raised in the plasmaspraying process, such as coating strength, chemical homogeneity, and residual porosity, and these are related with the high fabrication temperature and coating thickness. 2, 3 Recently, alternative methods have been developed to produce thin HA films. The sol-gel technique, being one of the thin film methods, provides some benefits over plasma-spraying method, such as chemical homogeneity, fine grain structure, and low processing temperature. 7 Moreover, when compared with other thin film methods, it is simple and cost efficient, as well effective for the coating of complex-shaped implants. In the sol-gel HA coatings, various precursors have been tried in pursuit of obtaining a welldeveloped HA layer; Ca(NO 3 ) 2 , CaO, Ca(OH) 2 , and Ca alkoxide as a Ca source: P alkoxide such as triethyl phosphite [P(OC 2 H 5 ) 3 ] (TEP) and triethyl phosphate [PO(OC 2 H 5 ) 3 ], P 2 O 5 , and H 3 PO 4 as a P-source. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Among these precursors, the Ca(NO 3 ) 2 and TEP combination was recently introduced to obtain a pure HA phase in an ethanol-water mixed solution. [11] [12] [13] 16 It was observed in the sol-gel process that sufficient aging of the mixture was necessary prior to heat-treating in order to obtain a well-developed apatite layer. 11 During aging, the precursors reacted to form [-Ca-O-P-] multiple chains, i.e., polymerization and gelation occurred, and the gelation increased with aging time increase. However, in most cases, precisely controlled conditions, such as prolonged aging periods (3-7 days) and aging at elevated temperatures (401-701C) were needed to induce a gelation of the sol and a further crystallization of the coatings following heat treatment. In an ambient atmosphere, the coating was frequently observed to form by-products (calcium oxides (CaO), calcium carbonate (CaCO 3 ), and tricalcium phosphate (TCP)) due to the instability of the sol without a complete gelation. Therefore, the improvement of the gelation of sol is essential for satisfactory final coating properties, such as phase homogeneity, structure stability, and mechanical integrity.
In this respect, this study was aimed to improve the HA sol-gel and coating stability with the introduction of a basic additive, ammonium hydroxide (NH 4 OH). The effect of NH 4 OH addition on the sol and final coating properties was investigated.
II. Experimental Procedures
(1) Preparation of Sol and Coating Calcium nitrate (Ca(NO 3 ) 2 Á 4H 2 O, Sigma-Aldrich Company, Poole, U.K.) of 2M was dissolved in 50-mL ethanol (499.5%) by stirring for 24 h to prepare Ca solution. A stoichiometric amount (Ca/PB1.67) of TEP (Sigma-Aldrich Company) was hydrolyzed in ethanol-water mixed solution (at a ratio of 6) and the mixture was stirred for 24 h to prepare P solution. After mixing the Ca and P solutions and stirring for 30 min, different concentrations of NH 4 OH (0, 1, 2, 3.5, and 5 vol%) were added to the mixed solutions, and the solutions were stirred for an additional 30 min, and aged for predetermined periods of time up to 72 h (3 days). The time just after stirring for 30 min was set to be initial time, t 5 0.
As a substrate for coating, a commercially pure Ti (c.p. Ti, grade 2) disc was prepared after polishing with SiC sand paper (#1200) and cleaning in acetone and ethanol. The HA films were obtained by a dip coating at a withdrawal speed of 20 mm/min. The obtained films were dried in an oven at 801C for 12 h, and then heat-treated at 5001C for 1 h in air with heating and cooling rates of 101 and 21C/min, respectively. . The phase change of the coating after heat treatment was characterized using X-ray diffraction (XRD; Philips, PW4620, Cambridge, U.K.) patterns at a scan rate of 0.61 2y/min. The chemical state of the coating was analyzed using FT-IR spectroscopy. The coating morphology was observed using scanning electron microscopy (SEM; Stereoscan S90, Cambridge, Ltd., Cambridge, U.K.).
III. Results
(1) Change in HA Sol Properties The pH change of the HA sols without and with additions of different concentrations of NH 4 OH with aging time up to 72 h (3 days) is shown in Fig. 1 . In the initial solution (just after stirring for 30 min, aging time 5 0), the pH value was already different; the higher the pH with the higher the NH 4 OH addition. For all systems, the pH showed abrupt decreases relatively at short periods, and with aging time increasing, the pH decreased moderately. Particularly for the sols containing higher NH 4 OH addition the initial decrease was more significant. A range of initial pH (from 4 to 7) which differed with NH 4 OH concentration became similar with aging, having the final pH of B3-4.
Figures 2 (A) and (B) show the viscosity changes of the HA sols after aging for 6 and 24 h, respectively, as represented with respect to the shear rate. After aging for 6 h ( Fig. 2(A) ), the viscosity of all the sols showed an exponential decrease at low shear rates and stabilized with the higher shear rates. At high shear rates, the viscosity difference became apparent; the sols containing the higher NH 4 OH concentration represented the higher viscosity. Such a trend was more magnificent after a prolonged period of aging ( Fig. 2(B) ). With aging for 24 h, the viscosity of the sols changed in a similar manner to the case aged for 6 h, however, the viscosity difference with the NH 4 OH concentration was more significant. The viscosity change was plotted with aging time at a constant shear rate of 150 s
À1
, as shown in Fig. 3 . The viscosity of all the sols increased with aging time. However, for the sols containing NH 4 OH, there were sharp increases at relatively short periods, and the increase was more significant with increasing the NH 4 OH concentration. For the sols containing 3.5 and 5 vol%, the values continued to increase up to B24 h aging, but stabilized at prolonged aging times. The pure HA sol (w/o) showed a relatively steady increase with aging time. Through the aging periods, the sols containing the higher NH 4 OH showed the higher viscosity.
To investigate the structure change of the sols, the FT-IR spectroscopy of the sols aged for 24 h was analyzed, as shown in Fig. 4 . As a reference, the bands of Ca(NO 3 ) 2 and TEP solutions were also represented. All the mixtures showed similar structure bands and reflected the initial precursor structures to some extent (see C-H, N-O, and O-H bands). However, the P 5 O and P-O bands apparently changed in the mixture solutions in terms of their positions and intensities. The trends in both changes consistently varied with the NH 4 OH concentration. Interestingly, with the increasing of NH 4 OH concentration, the wave number of P-O increased and that of P 5 O decreased. The structure changes after aging at prolonged periods showed a similar trend to those of 24 h (data not shown here). The changes in the wave number of both P 5 O and P-O bands for all systems are summarized in Table I with regard to the aging time. Compared with the P-O, the P 5 O band changed more with aging time. The band shifts increased with increasing NH 4 OH addition, and the trends were noticeable at higher NH 4 OH concentrations (3.5% and 5%). These changes in the phosphorus-oxygen bonds were closely related with the polymerization and gelation of the sol, which will be discussed in the following section.
(2) Phase and Structure of HA Coatings The XRD patterns of the HA coatings after heat treatment at 5001C for 1 h in air, which were obtained using the sols aged for 24 and 72 h, are shown in Figs. 5(A) and (B), respectively. After aging for 24 h (Fig. 5(A) ), the apatite peaks were rarely observed in the coatings without NH 4 OH and with only 1% NH 4 OH. Rather, calcium carbonate peak was observed at 2yB29.51. However, coatings obtained with 2% NH 4 OH addition showed weak apatite peaks, although a small amount of calcium carbonate peak still existed. When the higher concentrations of NH 4 OH were added (3.5 and 5%), typical apatite peak patterns appeared. After aging for 72 h (Fig. 5(B) ), small apatite peaks started to appear in the samples without NH 4 OH. In the NH 4 OH added coatings, the apatite peaks became more apparent compared with the coatings using the sols aged for 24 h. Figures 6(A) and (B) show the FT-IR spectroscopy changes of the coatings using the sols aged for 24 and 72 h, respectively. After aging for 24 h (Fig. 6(A) ), in the coating samples obtained without and with 1% NH 4 OH addition, considerable amounts of N-O peaks (B840 and 1350 cm À1 ) were observed with only traces of P-O bands (B560-600 and 1000-1100 cm À1 ), which characterize the apatite structure. On the contrary, the coatings obtained with sols containing NH 4 OH over 2% showed nearly no N-O bands; instead, characteristic apatite structures were observed. Moreover, the structure was more apparent when the NH 4 OH addition to the sol increased. The O-H peak at 640 cm
, which confirmed the formation of HA, was more apparent in the samples with higher NH 4 OH additions. For all cases, C-O bands were observed at 870 and 1410 cm À1 ; however, the band intensity decreased with increasing the NH 4 OH concentration. After aging for 72 h (Fig. 6(B) ), the apatite structure appeared in the samples without and with 1% NH 4 OH; however, the bands were still very weak. In the 2% NH 4 OH-added case, the apatite structure matured to a high degree. The coatings containing higher concentrations (3.5 and 5%) showed little changes compared with those aged for 24 h.
The SEM morphologies of the HA coatings heat treated at 5001C for 1 h in air, using the sols without and with addition of 5% NH 4 OH, are represented in Figs. 7(A)-(C) . Both sols were aged for 24 h. The surface structure of the pure HA coating was rough, nonuniform, and relatively porous (Fig. 7(A) ). Contrast to that, the HA coating obtained with NH 4 OH addition showed a smooth and homogeneous structure (Fig. 7(B) ). Such contrast in microstructure was deemed to be originated from the initial sol stability. The fractured cross-section view of the HA coating obtained with NH 4 OH addition showed a welldeveloped structure consisting of nano-sized grains (Fig. 7(C) ). The layer had a thickness of approximately 2 mm and adhered firmly to the Ti substrate with no delaminations or cracks within the interface.
IV. Discussion
The coating of Ti implant with a bioactive layer has gained a great deal of interest in the field of hard tissue engineering. Among the coating layers, calcium phosphate, particularly HA, has proved to be the one of the most promising materials due to its osteoconductivity and bioactivity. To be effectively applied to biomedical implants, the coating layer needs to satisfy essential requirements, such as phase stability, structural uniformity, and mechanical integrity.
In this respect, the sol-gel method is considered as one of the most attractive procedures because of its low processing temperature and thin coating layer. However, the processing condition should be carefully controlled to obtain satisfactory sol status and further coating properties. The selection of initial precursors, appropriate chemical reactions of sol, and final heat treatment must be considered and tailored. As a HA-coating precursor, calcium nitrate [Ca(NO 3 ) 2 ] and TEP coupling was previously found to be promising. 11 Liu et al., 12 also reported the effectiveness of TEP as a HA precursor. When using the precursors, the aging step is always needed to obtain relatively stable coating layer. When aging proceeds, the mixed Ca and P precursors react and form [-Ca-O-P-] chains by dehydration and polymerization process. However, in most cases, the aging for prolonged periods (over 3-7 days) and high temperatures (4401C) was necessary to crystallize HA phase. More seriously, considerable amounts of secondary phases, such as TCP, CaCO 3 , and CaO, were formed in the coating when the sol was incompletely aged. The secondary phases need to be avoided since they can cause adverse effects on the coating properties biologically and mechanically. To overcome this, the initial sol stability should be improved by means of accelerating the [-Ca-O-P-] chain formation, i.e., enhancing polymerization and gelation process.
When TEP is added to the ethanol-water mixed solution, the alkyl group (OR) is partially or completely replaced by a hydroxyl group (OH), as follows:
Process (1) commonly occurred in the other alkoxide precursors. However, the P-alkoxide follows the valence change in P from P(III) to P(V) when the hydration proceeds. 20 As a result, the hydrated P-groups are matured to have the P 5 O bond partially, in the following way:
½HðO ¼ PÞ y ðHOÀÞ xÀy P 1Ày ðORÞ 3ÀxÀy ð0 x þ y 3Þ ð2Þ Such a formation of P 5 O was confirmed by the FT-IR data (see TEP band in Fig. 4) . Since the hydration degree of TEP is reported to be saturated within 24 h, 9,21 the form of P-groups may be consistent when the initial precursor concentration and ethanol/water ratio are fixed.
When a Ca solution is added to the P solution and the mixture is aged, the Ca reacts with P to form (-Ca-O-P-) chains in the following way: 2½HðO ¼ PÞ y ðHOÀÞ xÀy P 1Ày ðORÞ 3ÀxÀy þ Ca 2þ ! ½½HðO ¼ PÞ y ðORÞ 3ÀxÀy P 1Ày À O xÀy À Ca À ½ÀO xÀy À P 1Ày ðORÞ 3ÀxÀy ½HðO ¼ PÞ y þ 2ðx À yÞH þ ð3Þ
Although the above equation is a quite simplified form to represent the whole reaction, it is supposed to describe the implicit phenomena which take place within the mixture. In the reaction, the Ca 21 ions react with the P-O single bond of the HO-P derivates rather than with the P 5 O double bond to form [-Ca-O-P-] oligomers and provide H 1 ions to the solution. When the aging proceeds, the oligomers form multiple chains and a large amount of H 1 is produced, i.e., polymerization or gelation occurs. 20 The observed pH decrease as well as the band shifts in P-O and P 5 O reflected the progress of the above gelation reactions.
At this point, the effect of NH 4 OH addition should be addressed. The basic additive provides a large number of OH À ions to the solution. The OH À surely acted as capturing the released H 1 , rendering the solution less acidic and more importantly accelerating the reaction in forward direction. Moreover, since the H 1 changes the chain surface to be positive and prevent further polymerization driven by electrostatic repulsive forces, 21 the capturing of H 1 ions improves the polymerization reaction effectively. Practically, from Fig. 1 , the pH decrease was observed to be much sharper in the sols containing the higher NH 4 OH. In the usual sol-gel process of other oxides (MO, M 5 Si, Zr, Al), in which alkoxide precursors [M(OC 2 H 5 ) x ] were used, the pH level is known to affect the sol properties. 22, 23 Acid or base catalysts are frequently added to retard or increase the gelation and condensation process. In which, the base catalyst is known to increase the gelation process by promoting the hydration of M to M-OH. 22 Different from the single component gelation, in the HA sol-gel process, along with the hydration of P to P-OH, the introduction of Ca source and a further formation of [-Ca-O-P-] are necessary to mature the HA structure. Since the P-OH hydration is known to occur nearly completely after 24 h of stirring, 21, 24 the [-Ca-O-P-] chain formation can be a rate-determining step. Therefore, the NH 4 OH, which was added to the Ca-P mixture solution, not to the P solution, played a role in increasing the [-Ca-O-P-] chain reaction rather than the P-OH hydration. Instead of a pH increase with the basic additive, the drastic pH decrease proves that the above gelation reactions occurred violently. Until the pH was stabilized, the OH À continued to neutralize the H 1 once it was produced by the gelation reaction. Even neutralized with 5% NH 4 OH, the solution was still quite acidic (the saturation pH was B3.5).
Based on the findings, i.e., the improvement of the polymerization and gelation of the NH 4 OH added sol due to neutralization of H 1 , the higher NH 4 OH addition might be considered. However, the higher addition resulted in precipitates from the solution, thus the upper limit of the NH 4 OH addition was considered to be B5% in order to obtain a clear sol. However, the appropriate amount of additive should be differed in accordance with the precursor concentration (sol/solvent ratio) and solvent condition (water/ethanol ratio), and such a field remains for further study. The gelation reactions follow the increase in the viscosity of the sol due to the formation of long polymeric chains (Figs. 2 and 3) . The viscosity increase with the NH 4 OH addition reflects its effectiveness on the polymerization and gelation of the sol. Notably, the increase was saturated at similar aging periods to those at which the pH was stabilized, confirming that nearly full gelation was indicated by both pH and viscosity saturations. With 5% NH 4 OH addition, the saturation occurred at aging periods as short as 24 h. However, in the NH 4 OH-free sol, the viscosity slightly increased with aging even after 72 h, confirming that further aging is needed to improve the gelation of the sol. Previously, in order to improve the gelation, aging was conducted at elevated temperature (4401C). 14 
Liu et al.
12 also suggested the temperature increase during aging to promote the gelation. However, the high-temperature aging follows the evaporation of solvent, resulting in sol concentration change and final coating properties. In this respect, the introduction of NH 4 OH basic additive is highly promising in the HA sol-gel processing.
With the gelation-improved and stabilized sol, the coating on Ti revealed a typical apatite structure with the aging of only 24 h (Figs. 5 and 6 ). In contrast, the coating obtained with NH 4 OHfree sol contained a large amount of CaCO 3 phase after aging the sol for 24 h (Fig. 5) . Such a fact was attributed to the incomplete gelation, in which large amounts of Ca ions, without being reacted with P, absorbed CO 2 within an ambient atmosphere, forming CaCO 3 . Although the aging for 72 h reduced the CaCO 3 amount to a high degree, the HA peaks were quite weak.
The improvement in gelation and polymerization of the HA sol with NH 4 OH addition had a constructive effect on the coating morphology after heat treatment, i.e., the improved gelation of sol resulted in more uniform and denser coating structure. More favorably, the nano-sized fine structure driven by a sol-gel processing is expected to be beneficial for enhanced cellular responses. Without the addition of NH 4 OH, the short aging period (o24 h) appeared not to be enough to obtain a homogeneous coating structure, presumably due to the immature sol state.
V. Summary and Conclusions
HA sol-gel coating was obtained using precursors of calcium nitrate and TEP. The sol properties were improved with small additions (up to 5 vol%) of NH 4 OH. The NH 4 OH basic additive increased the gelation and polymerization of the sol, as was confirmed by pH, viscosity, and chemical bonding change. The HA coating on Ti obtained with the NH 4 OH-added-sol had enhanced phase and structural stability and morphological integrity.
